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Past Experience at Fermilab
« Slow extraction (Tevatron Run 1): 1990’s
— R.Carrigan, et al

« Halo collimation (Tevatron Collider Run Il):
— N.Mokhov, D.Still, V.Shiltsev, et al.
— 2004-2011; T980 experiment

 Channeling experiments at FAST: 2015-
— P.Piot, T.Sen, Y.M.Shin, J.Thangaraj, et al.
 What can be re-used for the new Xtal
acceleration R&D:
— hardware
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Tevatron p-pbar Collider Run 1 (1992-96) and Run |l (2001-2011)
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#1: 1990’s (paper 1)

Luminosity-driven
channeling extraction has
been observed for the first

time using a 900 GeV
circulating proton beam at
the superconducting
Fermilab Tevatron. The
extraction efficiency was
found to be about 30%. A
150 kHz beam was obtained
during luminosity-driven
extraction with

a tolerable background rate
at the collider experiments.
A 900 kHz beam was
obtained when the
background limits were
doubled. This is the highest
energy at which channeling
has been observed
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Paper #2 (2002)

* experiment Fermilab E853

 The beam extraction
efficiency was about 25%.
Studies of time dependent
effects found that the turn-
to-turn structure was
governed mainly by
accelerator beam
dynamics. Based on the
results of this experiment,
It is feasible to construct a
parasitic 5—-10 MHz proton
beam from the Tevatron
collider.
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#2: 2005-2011s (T980)

First measurements at the Tevatron
in 2005 have shown that using a thin
silicon crystal to deflect the 1-TeV
proton beam halo onto a secondary
collimator improves the system
performance by reducing the
machine impedance, beam losses in
the collider detectors and irradiation
of the superconducting magnets, all
in agreement with simulations.

The 2005 studies have demonstrated
improved collimation efficiency with
the crystal, in particular a factor of
two reduction of beam losses in the
CDF experiment

...followed by dedicated beam
studies and first full collider stores.
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accomplished through
anticlastic deformation
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* JEE
Five (1) Processes in Crystals

Unchanneled particle (scattered)

o | U
—LiJ Channeled particle A

Volume-reflected particle
——

Volume-captured particle

Volume reflection was predicted | U
by Taratin and Vorobiov in 1987

Channeled particle
de-channeled

11 6/25/2019 Shiltsev | XTALS'19



*
The T980 Experiment Hardware:

Up and Downstream
: Motion control and LVDT

Up and Downstream
Laser angle measurementinstruments




T980 : Single Crystal Results ~22->*->% efficiency
or/_ d~5mm/0.025<0.2m
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The concept of multiple VR

| Repeated VRs in an array of parallel crystals
( /b, results in larger deflection, e.g. at E=1 TeV:
' Onecrystal &, =8urad; §,,.,=200urad

8crystals &, =8x8=064urad

lab
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* JE
MS-08-09 angle scan w/ IP losses

Rough Measured
Angle Scan Ms-08-09 Jan 26,2010 & .
IP loss reduction:
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* JE
15t Attempt of 2 Plane Crystal Collimation
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Pixel Telescope Detector

T980:Pixel Detector Image of
Channeled 980 GeV Beam

16.98 12.46 14.82 15.58




* JEE
Summary Crystal Collimation in Tevatron

o} Crystal collimation has been used during many collider stores in 2009-10

™ In 2009, old O-shaped crystal in horizontal goniometer was replaced with
new 0.36-mrad O-shaped one (IHEP) with negative 0.12-mrad miscut angle;
PLUS, new vertical push-pull goniometer installed 4-m upstream, housing
two crystals: 8-strip (IHEP) and old O-shaped ones - therefore, we now
have crystals for BOTH planes

™ Instrumentation added: eg scintillation telescopes installed at EO and F17
™ A successful fast/automatic insertion of the crystals has been achieved.

™ Success in using vertical multi-strip crystal: (1) easy to work with; (2)
observed both multiple-VR beam at EO3 collimator and a channeled beam at
F17 collimator; (3) decent agreement with simulations.

™ A reduction of ring losses was reproducibly observed along with local loss
effects on the collimator due to crystal channeling.

™ First ever attempts of 2 plane crystal collimation ... (modest results so far)
Quantitative discrepancies btw simulations/expectations and observations

1980
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#3: Crystal experiments at FAST Tour of FAST/IOTA

Low Energy Beaniine (~25 m) igh Energ Beamine (viopm) 100AY @ lunch
ﬁ/\—\,——— —

Low Energy Transport
(20 - 50 Mev e™)

Spectrometer K

Chicaxe Magnet Low Energy
(Bunch Compessor) Absorber

High Energy Transport & Test Line (40-300 MeV)

*

2.5M4V P Transport
HINS P Source

High Energy
Absorber

Cryomodule (CM)

IOTA Ring
150 MeVe/2.5MeVp
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FAST Electron Beams vs Specs

Parameter

Max beam energy
low-energy area

electron gun
Bunch intensity

# bunches per pulse

Pulse length (beam)
Pulse rep rate
Tr. emittance (n, rms)

Bunch length, rms
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FAST
2019

301 MeV
20-50 MeV

4-5 MeV
0.1-3.2 nC

1-1000

upto 1 ms
1 Hz
1-5 um

1.2-2.4 mm

(ILC) specs

300 MeV

3.2nC

3000

1.0 ms
5 Hz
Sum

~“1 mm

Comments

100 MeV for IOTA
Typical 34-43 MeV
Typical 5.5 MeV

Typical 0.5nC,
depends on #
bunches
Typical 100, rep rate
3 MHz (max 9)
Typical 0.01-0.2 ms

See above

Grows with bunch
intensity
w/o compression

& Fermilab



2015-2017 CRYSTAL CHANNELING EXPT @ FAST
* P.Piot, T.Sen, A.Halavanau, D.Edstrom, J.Hyun, et al

» helpful experience
Crystal lattice

Electron
Quadrupole Titanium
Magnets Window

N
v
N
N
A

CAV1 CAV2

Detector

Crystal Mounted  Vertical
In Goniometer Spectrometer
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Superconducting cavities Quadrupole Quadrupole

Eléctron NWV\ NM magnets magnets Bending magnet crystal
un :
A
W ww ww AN LRt
‘ Goniometer é X-ray detector
RF cavity &
crystal i X-ray detector
| : steering magnet () : Beam position monitor [ : Dipole magnet ‘
Xtal radiation exp’t at FAST eam dump
diamond single crystal with a S

— CR_mid

thickness of 168 um

For E=43 MeV and the (110)
plane, critical angle is 1.1 mrad

Careful analysis of errors and

backgrounds

Angular Intensity [photons/sr/keV/ele]

Beam energy 43 -50 MeV
J . Hvu n Bunch charge 1-200 pC ol
P. P I Ot Bunch frequency 3 MHz §“°
- Normalized emittance 0.52 mm-rad 100f
m Bunch length 3pC { ] srmilab
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https://arxiv.org/search/physics?searchtype=author&query=Hyun%2C+J
https://arxiv.org/search/physics?searchtype=author&query=Piot%2C+P
https://arxiv.org/search/physics?searchtype=author&query=Sen%2C+T

Y.M.Shin et al CNT proposal (2012-2015)

Nuclear Instruments and Methods in Physics Research B 355 (2015) 94-100
- Carbon Nano Tubes (CNTs) -> Possible advantages over crystals

Rolling single graphene-sheet
[6.3] SWCNT
21 E e

e Wider channels: weaker de-channeling
¢ Broader beams (using nanotube ropes)
e Wider acceptance angles (< 0.1 rad)

e Lower minimum ion energies (< 100
eV)

¢ 3-D control of beam bending over
greater lengths

- =

Ends usually closed

g

————————
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)
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Lattice Constant of Unit Cell ~ 4 A Lattice Constant of Unit Cell ~ 14 A 1 0.1
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Y.M.Shin et al: CNT Experiment at
Slit-mask micro-bunching FAST

1 nC; A, =100 pm

AAOQ-CNT
Target

Wk . e 3 R et eam . e . 4T o
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Wakes in the Carbon Nano Tubes

n: electron charge
density in a crystal

Bunch Tai
(Witness)

éunch Head

(Driver)
WakefielG
-50 MeV (1 nC)
_____ £ 50.513—> - Without a channel -4
+ 6 kev u.suo«j;
----50.507;
- 7 keV -“:: 2’.6}00ii ‘
¥ 505 —d e ‘ ,

2.8 3.0
ElectronBean 0 (x10°-3)

Y.M.Shin(NIU/FNAL),
C.Thangaraj (FNAL), et al

WII/WIl;max T - - |m0.5-1
v : ' 0-0.5
1 A
\ ®-0.5-0
%=1 u-1-0.5
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o. :'-._'V ’l;57"71-v=‘| 3 r [um]
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- 0.3 MeV

- 50.203



26

CNT Experiment at FAST (proposal)

€, (quad-scan)  Y.M.Shin(NIU/FNAL),
C.Thangaraj (FNAL), et al

= :l Spectrometer
#H AN\ Dipole (D122)
\ \ v | "‘.'.

;/ \: —_ | J '~: —_—

\ ‘ l .‘ : \ :

\ /] Beam Bunch | ' y
L /
Quads Image Screen CNT-Target

(X121) (Goniometer)
y (€. .) $(E...) Image Screen
: ] L, (x124)
Channeling + wake e in
Y.

No channeling/
no acceleration
LEioss [ dE/E ~ 50 keV
(nat’l spread)

(de) and (ac)celeration | Ever
dE/E ~ 100-300 keV
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YM.Shin Collaborators on Simulation on Crystal Acceleration

- Bormann Anomalous Transmission = | | Elegant

= HFSS (M.-C. Lin: Tech-X)
- CST MWS (A. Gee, Y.-M. Shin: NIU)

— VORPAL (M.-C. Lin: Tech-X)
- Channeling X-ray Acceleration

-2 VORPAL (M.-C. Lin: Tech-X)

0

= CSTPIC (A. Gee, Y.-M. Shin: NIU) | e /\ CST-PS
— CHEXAST (Channeling effect and X-ray acceleratot sirr X » -
(Alexei Sytov, V. Tlkhomirov: Belarusian State Univ. ) 5» |
- Crystal Plasma Wakefield o
Acceleration e e

= VORPAL (M. —C. Lin: Tech-X) Slit-mask micro-bunching

= CST PIC (A. Gee, Y.-M. Shin: NIU) simulations



Summary

Fermilab has some 25 year long history of research and
operation of crystals in high energy proton accelerators:

— pioneering experiment E853 on crystal assisted extraction by
R.Carrigan, et al during the Tevatron Collider Run |

— T980 crystal collimation experiment in 2005-2011 by N.Mokhov
et al (paved the way to similar one in the LHC)

« FAST linac at NML offers opportunities for channeling of
electrons :
— Xtal radiation experiment
— CNT channeling proposal

 Significant experience and availble hardware can be very
helpful for future exploration toward acceleration in crystals
and nanostructures: i) pre-FACET-Il experiment detectors and
Integration; i) CNT channeling; iii) muon production/capture

2% Fermilab
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Attention!
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Similar QM crystals used for UA9

measurements at SPS in 2009.

Feature: short bending length,
smaller nuclear interactions

Opening in bending device 2x10 mm?

2-mm thick, 120-urad bending,
miscut angle 50 prad

Characterized, tested and installed in
the vertical IHEP goniometer.

Problem — no clean evidence of CH or VR in five dedicated
End-of-Store (EOS) sessions over last three months!
lvanov asks if in later turn it hits aluminum holder?

Pin counter nearer horizontal? Maybe a 2" pin?

BLMs out of time? Now being checked

30 £& Fermilab
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*interesting example of volume reflection
*well studied earlier at H8 and in simulations
*may also indicate a few challenges

Main bend

$& Fermilab
31 Shiltsev | XTALS'19



409-GeM

Bending
Dechanneling?

But also VC

N\

90 urad\"

<
<

AM

double
Channeling?

!

CH

110 prad

A

A 4

AM

MVR

Crystal angle

SiGL200 32
XTALS'19

X mr add

¥ mr ad)

Yazynin simulation
8 Ideal strip crystals Si(111) “array”
(L=2mm, R=10m, Alpha = 200 urad)
0.3 e L B
- 400 GeV

0.2F

_»(100 prad

0.0

0.3

1000 GeV

'MVR

0.2

A

»
>

140 prad-.

N S T P L ]
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Loss

-0.1

Simulation 800 turns Normalized

MVR (E0Q3)

N/
\/

/\

0.05

0.1 0.15

Crystal Angle (mrad)

0.2

=== 800 turn - No FO Lamb Apt -lost crystal
== 800 turn - No FO Lamb Apt -lost colF172

=== 800 turn - No FO Lamb Apt -lost colEQ3

0.25

Simulations by:

S. Drozhdin with imbedded code from I. Yazynin

6/25/2019
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volume reflection

channeled particle
trajectory

__ atone strip is +0.0068 mrad /<

Volume Reflected
- Beam (MVR)

channeling at one strip is -0.2 mrad

5 sigma beam vertical envelope

Y

accelerator system coordinate

" ~—
\|0.2 mrad/ -

~0.055 mrad -
E— volume reflection
‘ bi T tr 8-strip/crystal)

—

Watch out!

Si wafer may not
be flat

=yotvino type crystal

Volume Reflected be:

£
=

(MVR) at EO3 Collima

Drozhdin simulation

34

Channeled Beam (Ct
at F172 Collimator

Y, mm

10

Tkm

—~—~—— VolumeJReflected

Beanp (MVR)

. * N x ° . x crygtal allgrxmenf . 09Gmrad > :;‘ Fd
x x T # crystal alingment§0.190Mrad =
o colllmatpr E03 volume reflection s Circule il -
. Pertuté ........... -
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E=O3 VR - A
F o . e = b
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* X & -y
N : G ex - x b
e x ey ¥
* x + * x
3 L - X ox ¥ o - * -
£v3 m n x m
-10 -8 -6 2
. B B crystal alignment +0. 005mrad -
* . crystal alignment +0.050mrad x
B = - lating, 5sigma - b
F172 CH ¢ oo T
5 = .
* * . & g .
B - +% - “
-
L x * -I-x‘- o P ]

2
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g 1.50 F T T T T T .‘..W._..‘.\.. T y =
"c% i — ¢ — Experimental data /‘ . 1
- — e — Simulations T 3 ‘ﬁﬂi' —
O [ ]
% - -1 3| Simulations
g 100 D AREReBeast by
E % g O * " { S.Drozhdin
S 0.75 = &= O 41 with
E ERAL | imbedded
5" 0.50 = O T | code from
ﬁ_,z = = oo | 1. Yazynin
2 025 D>: = © .
= O O
p = > m
S 0.00 - - ' - ' :
200 -100 0 100 200 300
3 Crystal Angle (urad)
£& Fermilab
Shiltsev | XTALS'19 35



1.4

1.2

Angle scan IHEP 8 strip - vert. coll. fit to E033

sig ¢ = 35 pr, interstrip offset =9 ur, VR = 160 ur

0.8

0.6

0.4

0.2

36

Fit 2/4/2011
1TeV C H . o, (Urad) Device Acy Ar Chi sq
22 LEO33 0.86 0.21 0.084
EOpin 0.875 0.665 0.154
F1LBNCN 1.16 0.242
LEO033 0.62 0.25 0.056
I e EOpin 077] 0625] o011
F1LBNCN 0.92 0.205
= T:LEO33
e it LE033
A T:LEOPINN
VR -CH
¢ T:FILBNCN
T:FILBNCN
‘0 " L3 o K
SETEEX
300 400 500 600 700 800 900 1000
T:CCVAD (microrad)
Jt H
3F Fermilab
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VR spread
(Maisheev simulation)

Beam halo dispersion
(seen in E853)

Multiple turn effects
(Drozhdin)

Crystal distortions

fringe — O(micron distortion)
skew effects

37 Shiltsev | XTALS'19

Crystal distortions (O-shaped)

5.00000E-02

4.00000E-02

3.00000E-02

2.00000E-02

1.00000E-02

0.00000E+00

-2.00000E-02

Y deformation lvancv

.: o . P ﬁd'h.. " ;. . "
illustrative,

q 05 1 15 2 25 3
center edge
-1.00000E-02

\ not T980
\ 74

ANSYS - Poloubotko
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LE033 (Volt)

VR

25 F

20 F

[a—
N
|

o
|

0.5 F

0.0

| ' | ! | ' | ! |

e [EO033 Mar 17 2010; Volume Reflection, F17 in

erf fit
: U
Model erf (User) [ )
Equation y =x1 + 0.5"A*erfc((x0-x)/w/1.414)
Reduced Chi-Sqr 0.00255
Adj. R-Square 0.99382
Value Standard Error
A 22 0
x1 0.3 0
LEO33 X0 1.76403 0.01536
w 1.12282 0.02257

(MS-08-09)

1.76mm displacement

corresponds to VR

angle:

Ovr=1.76Mmm/28m
=63 urad

-12

E03VCP (mm)
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3Biltsev | XTALS'19

1 A | ErrarFu:ctionx | < | 2
Model 2 (User)
m T:F1LABT | 2] ?;;&E_;é;ﬁéﬁmgﬁc:)11\?v1fsartt2n+1J+A2f2*
600000 — — ErrorFunctionX2 (User) Fit of ¢8 scan T:F1LABT S
T t |
o s g e
Not related to channeling |1 fdl. R-Square s Siandard Error
| 6| Al 2766120424 17837 82468
B A2 8040097533 20262 62564
| 8] ¥0 344540217 14135,20008
400000 - =T g et I
11 wil 1084337 429996
12 w2 7,1561 12,59538
I@ 449-222mils/40mils/mm =
< )
= 200000 - 5.7 mm displacement from
= core for Channeled beam.
O.,= 186 urad
0 Specified 6., =200urad
' | ! I
0 200 400

T-F12VCP inversed (Mils)
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Y.M.Shin et al: CNT vs Xtals
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